Cellulose-and hemicellulose-degrading thermophilic anaerobes were enumerated in biomat samples of various temperatures from two different hot springs in the Hverager6i area of Iceland: one spring had a pH near 7, the second had a pH near 9. The most-probable-number technique was used for enumeration of bacteria in the samples, with media at many different temperatures (37 to 90°C) and two pH values (7 and 9).
Enzymes from thermophilic microorganisms are resistant to the denaturing effects of high temperature and have good activity at thermophilic temperatures (2, 3, 24) . Much of the research in recent years has centered on enzymes from cellulose-and hemicellulose-degrading bacteria; these polysaccharides account for most of the organic matter in the biosphere.
Many cellulose-and hemicellulose (xylan)-degrading thermophilic anaerobic bacteria have been isolated and described, and some enumerations of glycolytic anaerobes in thermophilic environments have been done (12, 22, 24) . However, few studies have attempted to correlate the thermophilic and anaerobic cellulolytic or xylanolytic populations culturable from hot springs with any physical or chemical factors present in these environments or in laboratory culture media (6) . Thermophilic cellulose-and hemicellulose-degrading anaerobes have been isolated almost exclusively from samples with little previous knowledge of the characteristics of the environment and the microbial population that could be expected.
This article reports the ecological studies we performed on biomat samples from Icelandic hot springs. The aims of these studies were to examine chemical and physical factors that affect the growth of native organisms in laboratory culture media and to determine the abundance of xylan-and cellulose-degrading thermophilic anaerobes as a function of temperature and pH in the hot spring environment.
Most-probable-number (MPN) counts were done on samples from the Hveragerbi area of southwestern Iceland collected in July 1991. Springs 1 and 2 were approximately 350 m from each other; in both springs, the water temperature in the source pools (about 1 m in diameter) was close to 100°C. The flow from both pools was about 0.4 liter/s, and the flow speed in the runoff channel was approximately 0.25 m/s (9) . Spring 2 has been described more extensively (9). * Corresponding author.
Both springs were situated on grassy hillsides, and an easily identifiable temperature gradient of about 100°C to about 25°C was present in the main runoff channels from both pools. The pH in the runoff channel from either spring, measured in situ with a portable meter, did not change significantly with increasing distance from the pools. During sampling, we observed plant matter in many of the hot springs, e.g., grasses over which the runoff from the springs had flowed, wind-blown material that had ended up in the springs, or various pieces of wood, either discarded or used as part of a construction to control water flow.
Hot spring 1 had a pH near 7, a relatively high hydrogen sulfide content (approximately 500 ,LM in the source pool), and an H2S-based food chain; most of the biomass present consisted of sulfur-oxidizing primary producers, such as Thiobacillus and Thermothrix spp., and accompanying chemotrophs. There was no visible population of pigmented photosynthetic organisms in spring 1 at temperatures above 55°C, and, relative to spring 2, there was little microbial biomass; the mats were thick and slimy and composed mainly of sulfur granules and iron precipitates.
Spring 2 was an alkaline spring (pH 8.7) with a lower sulfide content (about 160 ,uM at the source pool) but a relatively higher bicarbonate or carbonate concentration than that of spring 1 (approximately 1 mM compared with approximately 0.3 mM). Spring 2, the spring called HV-11, has been described extensively (9) . Large thick biomats of photosynthetic microorganisms with temperatures near ambient to slightly over 70°C were present along the runoff of the spring. Gas production was evident in the biomats with temperatures of 65°C and lower, and the biomats had no odor of sulfide or anaerobic decay. The upper surfaces of the mats at higher temperatures (from about 55 to 70°C) appeared to be dominated by pink-pigmented filamentous organisms; at lower temperatures, green photosynthetic organisms were dominant. Below the surface and within the mats, brown-and red-pigmented organisms predominated; copious gas production was evident throughout the mats at APPL. ENvIRON. MICROBIOL. 55°C and lower. Samples were also collected from hot springs at Flhbir which were very similar to spring 2 (i.e., alkaline, pH near 8.5, with biomats dominated by photosynthetic microorganisms).
Serial 10-fold dilutions of homogenized biomat samples, processed within several hours of collection, were used to inoculate a three-tube MPN series in duplicate, with xylan or cellulose as the substrate, at pH 7 and 9, and at 37, 55, 65, 70, 80, and 90°C. MPN cultures were scored positive if the substrate was solubilized, if overpressure was produced in the headspace because of gas production, and if large numbers of cells appeared. Enrichment cultures were inoculated (10% [vol/vol]) with the samples from Flubir.
The basal MPN and enrichment media were as described previously (la) with the following modifications: no cysteine was added, sulfide was at a concentration of 0.5 g/liter, and yeast extract was at a concentration of 0.1 g/liter. Substrates were beech xylan (Lenzing AG, Lenzing, Austria) or microcrystalline cellulose (Avicel), at 2 g/liter each. The media pH was 7 or 9 (CO2-HC03--CO32-buffer).
More than 4,000 individual anaerobic MPN and enrichment cultures were evaluated. Figures 1 and 2 9 with the same medium, however, so the difference may be more related to the populations in the various hot springs rather than to the medium. A third reason why enrichment cultures of the Hveragerbi samples were unsuccessful at pH 9 may be that although the hot spring water was alkaline, there are few anaerobic alkaline niches within biomats. Microelectrode measurements of pH and oxygen in biomats have shown that there are steep gradients within biomats in alkaline hot springs, and where such biomats are anaerobic, they typically have a pH much lower than that of the surrounding water (13) .
Within both springs, there were nearly always more xylan degraders than cellulolytic organisms. Particularly in spring 1, where the runoff had flowed over grass growing around the hot spring, there were many more xylan degraders than cellulose utilizers. This may reflect the relative solubility, degradability, or availability of the two substrates. Xylans are more soluble and rapidly degraded than cellulose and all described cellulose-degrading thermophilic anaerobes can degrade xylan (5, 7, 10, 15, 17, 18, 23) , but there exist many xylanolytic organisms that do not use cellulose (11, 14, (19) (20) (21) .
In the alkaline spring, there were high numbers of both xylanolytic and cellulolytic organisms at 80°C, but no growth of either type occurred at 80°C in the neutral spring. In the neutral spring, there was a large population of both types of bacteria at 37°C, but in the high-pH spring 
